Transmembrane chemoreceptors are crucial components of the machinery that mediates bacterial chemotaxis, the movement of cells in favorable directions [1] . Receptors bind ligand in their periplasmic domains and interact at their membrane-distal cytoplasmic tips with each other to form trimers of dimers which in turn interact with the auto-phosphorylating chemotaxis histidine kinase and a coupling protein to form core signaling complexes [2] . There are atomic-resolution structures of chemoreceptor fragments but not intact, membrane-inserted receptors [3] . Electron tomographs of in vivo signaling complex arrays do not resolve densities near the middle of chemoreceptor rods, implying structural heterogeneity [4, 5] . We investigated with negative staining, transmission electron microscopy and image analysis to characterize shapes of homodimers of Escherichia coli aspartate receptor Tar rendered functional by insertion into Nanodisc-provided lipid bilayers. Tar-Nanodiscs were prepared and purified by affinity and size exclusion chromatography [6] . Particles were placed on glow-discharged, carboncoated Cu grids and stained with 0.75% uranyl formate. Data were collected with a FEI Tecnai F30 at 39,000x nominal magnification. For analysis in a three-dimensional matrix, particles were on a glowdischarged Q-foil multi-A holey carbon grid and treated with freshly prepared 1 % trehalose, 5 % ammonium molybdate. Tilt series were collected in 2° degree increments at 31,000x using Xplore 3D. Single particle data was analyzed with EMAN2/SPARX and tilt series data with IMOD.
Single-particle analysis plus tomography of particles in a three-dimensional matrix revealed two bend loci in the chemoreceptor cytoplasmic domain (Figures 1, 2) . One, the HAMP hinge, was at the short, two-strand segment between the membrane-proximal, four-helix-bundle HAMP domain and the membrane-distal, four-helix coiled coil. The other, the Gly hinge, corresponded to aligned glycines in the extended coiled coil that makes up most of the chemoreceptor cytoplasmic domain. These bends were characterized by a procedure we developed for automated image analysis of chemoreceptor shape for two-dimensional class averages of receptor images. The procedure determined the medial axis [7] along the ~ 300 Å receptor rod of each class average, quantified bending by comparisons of fitting each medial axis with one line or two lines using line-fitting errors ( Figure 3a , b and c). Alignment by their periplasmic ends of medial axes derived from two-dimensional class averages (Figure 3d ), illustrated the features of bending at the HAMP hinge. These were an apparently common locus of bending and angles of bending from 0° to ~13° with no preferred angle, suggesting a flexible hinge. Bends at the glycine locus, previously noted in an X-ray structure of a receptor fragment [3] , were more difficult to detect but also exhibited a range of angles. We conclude the two loci are flexible hinges. The flexible HAMP hinge explains the lack of resolution of receptor density near the membrane in sub-volume averages of signaling complex arrays. Receptor bends were investigated for receptors in two signaling states, kinase-on and kinase-off. We found no significant differences between the two signaling states, indicating that bending at the flexible HAMP hinge was not a function of chemoreceptor signaling state. Instead, consideration of the geometry of receptor placement in extended arrays of signaling complexes indicates that bending at flexible hinges plays a crucial structural role. This is to avoid collisions among neighboring receptors in signaling complex arrays by receptor bending at least the HAMP hinge. 
